Introduction
The ability of the so-called 'venous muscle pump' mechanism in the lower extremities of healthy people to reduce in the upright position the hydrostatically Correspondence:] . P. Kuiper, Phlebological Section of the Dermatological Department, Univenity of Nijmegen, Javastraat 104, 6524 MJ Nijmegen, The Netherlands. enhanced venous pressure is generally known and quite well understood. Also, the consequences of a failing muscle pump function, e.g. because of a valvular incompetency or an inadequate muscular activity, which ultimately leads to the chronic venous insufficiency syndrome, are well known 1,2,3. Moreover there is little doubt about the benefit for a large number of patients of applying tissue compression especially by means of elastic stockings, to restore more or less die balance and to prevent or reduce oedema formation and venous ulceration.
However, in contrast to these notions, which are generally accepted, the knowledge of the working mechanism of elastic stockings seems to be fragmentary and partly contradictory especially with respect to the influence upon the pump function activity.
The present paper will attempt to clarify this situation. For this purpose the effect of an elastic stocking on both the vascular pressure and the vascular volume in the ankle region of two subjects will be discussed in some detail. These subjects, named Nand P, are representative for an average normal person and an average patient with nothing other than a serious chronic venous insufficiency e.g. post-thrombotic syndrome.
The influence upon prellure

Basic pressure relations without stockings
Without elastic stockings and in supine position the intravascular pressure falls from an average value of 100 mmHg in the arteries to 10 mmHg in the venous vessels. As a reasonable value for the intracapillary pressure we take 25 mmHg, ie 15 mmHg higher than the venous pressure. In the upright position, standing motionless, these values are enhanced (at least below heart level) by a hydrostatic contribution that depends on the height of the subject. Taking for N and for P the same 'normal' height a reasonable value for this contribution in the ankle region amounts to 90 mmHg, so that in both subjects mean arterial, capillary and venous pressures become 190, 115 and 100 mmHg respectively.
We are aware of the simplifications introduced by this representation of the situation but it makes it easier to imagine that, due to reflex mechanisms, changing the body posture has an influence upon the systemic arterial pressure and upon the arterial inflow in the lower leg, thus changing the pressure gradient along the blood vessels. Also, the local venous pressure in a motionless upright position -as learned from direct electromanometric studies -is slightly lower than expected, because of the imperceptable muscle activity necessary to maintain the balance. However, the introduction of such refinements leads to complications which are not essential for our discussion.
On the other hand it is highly essential to realize what has happened at the capillary level by changing from the supine to the upright position. The increase in the capillary pressure results in an equal increase of the pressure difference over the vessel wall (the transmural pressure). This means, for both subjects to the same extent, a dramatic disturbance of the filtration-diffusion equilibrium, an equilibrium that requires a transmural fluid pressure of about 30 mmHg. Therefore an increase of the intracapillary pressure of 90 mmHg is grossly damaging for the nutritive function of the capillary system. Such a disturbance is, as generally known, the basic causal factor of most venous pathology.
The difference between the subjects ie the normal (N) and the pathological (P) does not become clear until they have started walking or otherwise have activated their muscle pump, eg by tip-toe movements or more vigorously by deep knee bending.
For subject N a few leg movements are sufficient to elicit a marked reduction of the venous pressure at the ankle; with continuation of muscle activity this pressure stabilizes at a mean value of around 20 mmHg. In this situation we again assume that the capillary pressure to be 15 mmHg higher than the venous pressure, ie 35 mmHg. Various mechanisms may have some influence upon flow, flow resistance and/or pressure. However, these nuances are not relevant to our present discussion. . The effect of the muscle pump activity in subject N is clear. As a result of the lDtracapillary pressure reduction the filtration-diffusion equilibrium is restored and a normal nutritive functioning is warranted.
After cessation of 'walking'-movements and again in a motionless upright position the venous pressure gradually increases and reaches after 3{}-60 seconds the original high value of 100 mmHg mentioned before. (More generally this value is called standing venous pressure and is indicated by SVP.) In this situation the rate of pressure increase depends solely on the arterial inflow rate.
For the subject P the same degree of muscular activity results in a much lower pressure reduction of, let us suppose, only 30 mmHg. The intra-arterial, capillary and venous pressures stabilize at values of 190 (uninfluenced), 85 and 70 mmHg. This means that the filtration-diffusion imbalance persists and oedema formation will be unavoidable. Usually, after subject P has stopped his activities, the pressure increases more rapidly to the SVP-value than in normals. Partly this is so because of the generally smaller amount of expelled venous blood but besides this, the refilling of the venous system may be faster as blood supply may depend not solely on the arterial inflow but also on venous reflux via vessels with incompetent valves. Refilling may take only 10 seconds.
From the foregoing examples of the effects of muscular activity it will be clear that a rational quantification of the quality of the venous pump function can be based upon the magnitude of the pressure fall Ii. P expressed as a percentage of SVP, which obviously is the maximum value of the pressure decrement that can be reached. This quantity, called WVp: walking venous fall, is for subject N 80% (within the normal range of 70-90%) and for P 30%.
All capillary and venous pressure events described so far are illustrated in Fig. 1 .
Pressure values under an elastic stocking
What will happen when an elastic stocking that exerts a pressure in the ankle region of 40 mmHg is pulled on? We will consider this in the situations just described although subject N does not need such a support and moreover wearing a high-pressure stocking in the supine position is not advisable for N nor P.
In the supine position this stocking causes a venous congestion that results in a venous pressure of4O mmHg. We still suppose the intracapillary pressure to be 15 mmHg higher, ie 55 mmHg, but probably because of the lowered arteriovenous pressure difference, this value is somewhat too high. In spite of this raised pressure the transmural pressure at the capillary level is lowered to 15 mmHg because the stocking has increased the tissue pressure by 40 mmHg. So there is a filtration-diffusion imbalance in the opposite direction. Of course this holds for both subjects.
In an upright motionless position the intravascular pressures are the same as without a stocking; the reduction of the fluid volume (the vessel diameters) by the stocking has no influence on the pressure according to the principle that is generally known in elementary physics as 'the hydrostatic paradox'. The only difference concerns the transmural capillary pressure that is lowered by 40 mmHg to 75 mmHg, a value still too high for a functional equilibrium.
The result of muscle activity (tip-toe or walking movements) by subject N is remarkable. The lowering of the venous pressure stops at a value of 40 mmHg, because then the venous system collapses and the 'stroke volume' of the muscle pump becomes zero. The intracapillary pressure does not fall below 55 mmHg. The WVp-value, without stocking 80%, is lowered to ·60%; indeed the effectiveness of the pump is reduced. However, if there is a reason for concern, it must be about a filtration-diffusion imbalance in the opposite direction because of a too low transmural capillary pressure (15 mmHg).
For subject P the function of the muscle pump as a pressure reducing mechanism is not improved by the elastic stocking. This is in accordance with experimental findinga':" but differs from some previous claims. Therefore the same venous and capillary pressure are found as without stocking: 70 and 85 mmHg; also the WVp-value remains unchanged at 30%. However, the transmural capillary pressure is reduced by 40 mmHg to 45 mmHg. This means a considerable improvement of the fluid balance in spite of the unimproved pump function. Figure 2 summarizes the various pressure values under the stocking. 
The influence upon limb volume
Frequently, plethysmographic technique (water, strain-gauge) is used for the assessment of venous muscle pump function. For the interpretation of thesometimes surprising -experimental results an insight into the relationship between venous pressure and limb volume is necessary. Such a relationship can easily be found by measuring limb volume changes that result from venous pressure changes, for instance induced by venous congestion. A realistic and representative example of such a so-called Pv-V relation is shown as a continuous curve in Fig. 3a . The individual variability of such relationships even in healthy subjects is rather high. In other words the same pressure change may result in strongly diverging (by a factor of 2-3) volume changes. Some pathologies affect the volume distensibility in a positive (eg Klippel-Trenaunay syndrome), others in a negative sense (eg deep phlebothrombosis). A constant finding, however, is the non-linearity of this relationship.
We will use the Pv-V relation of Fig. 3a for both subjects to explain what will happen with the ankle volume in the same situations already discussed. The use of the same relation for Nand P makes a comparison easier and will not influence the conclusions.
The volume decrease -the expelled volume -corresponding to the pressure fall elicited by leg movements without stocking can easily be deduced from the Pv-V relation in Fig. 3a . So, for subject N, the pressure fall from 100 mmHg to 20 mmHg is coupled with a volume decrement of 4.5%; in subject P the pressure reduction to 70 mmHg results in a volume decrease of only 1.0%.
In the situation with an elastic stocking we must realize that the effective pressure responsible for the ankle distension is the transmural venous pressure. In a motionless upright position this is 100 mmHg (SVP) minus 40 mmHg (the stocking pressure) being 60 mmHg. So the Pv-V relation of Fig. 3a (broken pre..ure (alMei...) and lUJIcle volume cbMJp (ordinate) witlJout (a) and with (b) an elude .tocldng, Fig. 3b) is shifted to the right over 40 mmHg (continuous line in Fig. 3b ). Now we learn from Fig. 3b that for subject N, in spite of the reduced ankle volume (by 1.2%) and pressure fall (60 mmHg instead of 80 mmHg without stocking), the expelled volume is considerably enlarged from 4.5% to 6.5%. Obviously also the refill time will be increased. This somewhat surprising result is the consequence of the alinearity of the Pv-V relation. In the same way it appears that in subject P the volume decrease under the stocking during muscle activity is enlarged from 1.0 to 2.0%.
Concluding remarks
Speaking about the influence of an elastic stocking upon pump function activity it is highly important to define what criteria are used for the assessment of this function. The most direct criterion is the pressure decrease that can be achieved by (standardized) leg movements. More indirect information is obtained from volume changes or refill-time. The large variability in volume distensibility as well as in blood supply make both these criteria weak and ambiguous.
We have learned that in normals an elastic stocking hampers the pump function when looking at the reduced pressure fall but seems to bring about improvement when limb volume and refill time are studied. In the patient the pressure fall is uninfluenced, whereas volume and refill time indicate improved function. These paradoxes originate from the alinearity of the pressure-volume relation that complicates the interpretation of the volume and time data. This alinearity for instance leads to the somewhat surprising fact that refill times deduced from simultaneous pressure and volume measurements are essentially identical whereas the corresponding refill halftimes are not.
Finally it must be noted that the most important factor with respect to the nutritive function of the vascular system is the transmural capillary pressure which is often underestimated. s a further illustration of the problems that may arise with the interpretation of hmb volume changes because' of the alinearity of the pressure-volume relationship, we will look at the volume increase that, in the supine position, results from a venous congestion to e.g. 80 mmHg elicited by inflation of a pneumatic cuff around the thigh.
In the left half of Fig. 4 the continuous line fits the actual experimental points (dots) obtained by venous congestions in a subject in the supine position with an estimated venous pressure of 18 mmHg in the thigh. In this stituation the volume increase elicited by a cuff pressure of80 mmHg amounts to 2.5%. The broken line in this part of the figure fits the points (open circles) obtained in the same subject when wearing an elastic stocking that exerts a pressure of 38 mmHg.
The shape of this curve, that intersects the first one and is much steeper, is somewhat surprising. The volume increase at 80 mmHg congestion pressure is higher with stocking (3.4%) than without! Below the pressure of intersection (55 mmHg in this case) it is just the other way around and probably more in accordance with the first expectation.
This puzzling situation can be clarified and both curves can be made to coincide in view of the following considerations. First we must realize that for a fair comparison of both curves it is better to plot the volume changes against the transmural venous pressure than against the intravascular pressure. Then the with-stocking curve shifts to the left over 38 mmHg. Secondly the volume changes plotted in the left halfofFig. 4 start from different zero volume values, for the zero 6: 1 "1.) ---- point of the stocking curve corresponds to an emptied venous system whereas the curve without stocking starts when the venous system is already filled at an intravascular pressure (equal to the transmural pressure) of 18 mmHg. In comparison with the emptied vessels this means a volume shift of about 2% for the non-stocking curve. In the right half of Fig. 4 the two shifted PV-V relations are plotted; the original position of the shifted non-stocking abscissa is indicated by the broken horizontal line. The coincidence of both curves is obvious. Now they clearly represent the distensibility characteristics of the same limb area at different levels of transmural pressure and filling.
